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ABSTRACT 
Real-time hybrid simulation combines experimental testing and numerical simulation, and thus is 
a viable experimental technique for evaluating the effectiveness of supplemental damping 
devices for seismic hazard mitigation. This paper presents an experimental program based on the 
use of the real-time hybrid simulation method to verify the performance-based seismic design of 
a two story, four-bay steel moment resisting frame (MRF) equipped with compressed elastomer 
dampers. The laboratory specimens, referred to as experimental substructures, are two individual 
compressed elastomer dampers with the remainder of the building modeled as an analytical 
substructure. The proposed experimental technique enables an ensemble of ground motions to be 
applied to the building, resulting in various levels of damage, without the need to repair the 
experimental substructures, since the damage will be within the analytical substructure. 
Statistical experimental response results incorporating the ground motion variability show that a 
steel MRF with compressed elastomer dampers can be designed to perform better than 
conventional steel special moment resisting frames (SMRFs), even when the MRF with dampers 
is significantly lighter in weight than the conventional MRF. 
 
Key Words: Real-time hybrid simulation; damper; elastomer; steel MRF; performance-based 
seismic design.  
 
 
 
1. Introduction 
 
 Passive damping systems can significantly enhance the seismic performance of buildings 
by reducing drift and inelastic deformation demands on the primary lateral load resisting system, 
in addition to reducing the velocity and acceleration demands on non-structural components [1]. 
Among the different kinds of passive damping systems, solid viscoelastic dampers have been 
extensively studied. These dampers generally consist of solid elastomeric pads bonded to steel 
plates. The elastomer pads exhibit both viscosity and elasticity and their mechanical properties 
depend on loading frequency, deformation amplitude and temperature.  
                                                 
*
 Corresponding author: Tel.: +44 (0)1865 2 73144; fax: +44 (0)1865 2 73010 
E-mail address: theodore.karavasilis@eng.ox.ac.uk (T.L. Karavasilis); Formerly: Post-doctoral Researcher, ATLSS 
Center, Lehigh University, USA 
 
2 
 Many researchers have performed individual viscoelastic damper tests and developed 
models to predict damper behavior under earthquake loading.  Tsai and Lee [2] and Kasai et al. 
[3] studied the effect of loading rate and temperature on viscoelastic materials and proposed 
fractional derivative models to predict damper behavior. Lee [4] studied the behavior of 
elastomeric dampers made of ultra high damping rubber and found from characterization tests 
that the behavior of these dampers to be less sensitive to frequency and ambient temperature 
compared to conventional viscoelastic dampers. Sause et al. [5] developed a sequential 
asymptote formulation to model the cyclic behavior of ultra high damping rubber dampers.  
 Other studies have developed seismic design procedures for buildings incorporating 
viscoelastic dampers and used nonlinear dynamic history analysis to evaluate seismic 
performance and damper designs. Fu and Kasai [6] presented a simplified theory to design 
viscoelastic dampers for a given MRF. Their simplified design method has been verified by 
performing nonlinear dynamic history analysis for a ten-story steel MRF with dampers. Lee et al. 
[7] presented a simplified design procedure for buildings with viscoelastic or high-damping 
elastomeric dampers. The design procedure has been used recently to study the effect of the 
variation in steel moment resisting frame (MRF) properties and damper design criteria on the 
design of steel MRFs with elastomeric dampers [8]. The 2000 NEHRP Provisions [9] include 
equivalent lateral force and modal analysis procedures for buildings with damping systems 
including viscoelastic dampers. The validity of the 2000 NEHRP procedures has been assessed 
by Ramirez et al. [10].   
 Several experimental studies have been performed on steel frames with viscoelastic 
dampers. These studies include mainly shaking table tests similar to those conducted by Chang 
and Lin [11] on a full-scale five-story frame, and recently by Kasai et al. [12] on a full-scale 
five-story steel building.  
 Recent research studies have proposed new kinds of viscoelastic dampers. Ibrahim et al. 
[13] proposed and analytically investigated a new visco-plastic device that consists of a block of 
a high damping rubber sandwiched between steel plates which are allowed to yield to provide 
additional energy dissipation. Karavasilis et al. [14] experimentally evaluated the hysteretic 
behavior of a new innovative compressed elastomer damper developed by Sweeney and Michael 
[15] and used the design procedure of Lee et al. [7] to design steel MRFs with compressed 
elastomer dampers. Nonlinear time history analyses confirmed the validity of the simplified 
design procedure and showed that steel MRFs with compressed elastomer dampers can be 
designed to perform better than conventional steel special moment resisting frames (SMRFs), 
even when the MRF with dampers is significantly lighter in weight than the conventional MRF. 
 Recent research has investigated the use of passive dampers to achieve harmonization of 
different performance levels between structural and non-structural components. Pavlou and 
Constantinou [16] conducted a study of building with and without passive dampers to investigate 
the response of secondary systems and showed that significant benefits may be provided by 
viscous damping systems in terms of reduced floor spectral accelerations and floor absolute 
velocities. Vargas and Bruneau [17] studied the response of nonstructural components in 
buildings with metallic and viscous dampers acting in parallel and explained why in some 
instances it is observed that adding viscous dampers to strongly inelastic systems can result in 
increases in floor accelerations. Wanitkorkul and Filiatrault [18] studied the influence of passive 
dampers on structural and nonstructural fragilities of a steel building. Their results indicate that 
viscous dampers reduce the seismic fragility of nonstructural components, while metallic 
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dampers can be detrimental to the seismic fragility of acceleration sensitive nonstructural 
components.  
 To demonstrate the full potential of new types of dampers, damper designs and 
performance-based design procedures for structural systems with dampers need to be 
experimentally validated. The 2000 NEHRP provisions [9] allow the design of buildings with 
passive damping systems to experience controlled inelastic deformations associated with typical 
design drifts limits, e.g., the 2% drift limit [9]. Therefore, to experimentally validate damper 
designs and performance-based design procedures, inelastic response statistics incorporating 
ground motion variability should be obtained. Full-scale testing [12] is a reliable but, at the same 
time, a challenging experimental technique. In particular, conducting a series of full-scale tests to 
obtain response statistics of structural systems under earthquake intensities which produce 
inelastic deformations may be cost and time prohibitive since the damaged components of the 
structural system need to be repaired or rebuilt after each test.   
 Real-time hybrid simulation combines physical testing and numerical simulation such 
that the dynamic performance of the entire structural system can be considered during the 
simulation [19-21]. When real-time hybrid simulation is used to evaluate the performance of 
structures with rate-dependent damping devices, the damping devices can be treated as 
experimental substructures and the remainder of the structural system modeled analytically. The 
added benefit of this experimental technique is that it allows an unlimited number of ground 
motions to be applied to the structure, resulting in various levels of damage, without the need to 
repair the experimental substructures, since the damage will be within the analytical substructure. 
 This paper presents an experimental program based on the use of real-time hybrid 
simulation to verify the performance-based seismic design of a two-story, four-bay steel MRF 
equipped with compressed elastomer dampers. The MRF was designed using a reduced base 
shear design force compared to a conventional SMRF, where the dampers are designed to control 
the drift of the structure. The laboratory specimens, referred to as experimental substructures, are 
two individual compressed elastomer dampers. The remainder of the building is modelled as an 
analytical substructure. A series of real-time hybrid simulations are performed to acquire 
response statistics under the design basis earthquake (DBE) and the maximum considered 
earthquake (MCE). The DBE has an intensity that is two-thirds that of the MCE, where the MCE 
has a 2% probability of exceedance in 50 years [9]. Real-time hybrid simulations are conducted 
using the Real-Time Integrated Control System [22] of the Lehigh Network for Earthquake 
Engineering Simulation (NEES) Real-time Multi-Directional Earthquake Simulation Facility 
(RTMD).  
 
2. Compressed elastomer damper 
 
 The compressed elastomer structural dampers used in the study are fabricated by bonding 
four pieces of an elastomer (butyl rubber blend) onto a longitudinal steel bar, as shown in Fig. 
1(a). The pieces of elastomer on this bar are then pre-compressed into a steel tube (Fig. 1(b)). 
Each prototype damper includes three tubes which are welded together (Fig. 1(c)). To enable the 
damper to be attached to the structure as shown in Fig. 1(d), transverse bars with bolt holes are 
welded across the steel tubes and additional transverse attachment bars are welded across the 
narrow dimension of the longitudinal bars (Fig. 1(c)).  
 The pre-compression of the elastomer into the tube improves the performance of the bond 
interface between the elastomer and the longitudinal bar. The interface between the elastomer 
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and the steel tube is not mechanically bonded, which allows the elastomer to slip relative to the 
tube, producing friction when large deformations are imposed. The dampers are designed to slip 
before the elastomer tears or the bond to the longitudinal bar fails [15]. 
 Characterization tests of the prototype damper were conducted by Karavasilis et al. [14] 
at the RTMD facility [22]. The loading protocol for the characterization tests used “ramped” 
sinusoidal displacement histories with different amplitudes and different frequencies. The 
experimental results showed that the dampers exhibit elastomeric behavior under small 
deformation (less than 15 mm) (Fig. 2(a)). When the deformation is larger than 15 mm, slip of 
the elastomer compressed inside the steel tube occurs and the dampers exhibit a combined 
elastomeric and frictional behavior (Fig. 2(b)). The damper assembly was tested with two 
prototype dampers (i.e., a total of 6 tubes) acting in parallel, referred to herein as a compressed 
elastomer damper.    
 The equivalent stiffness, Keq, and the loss factor, ηeq, of the compressed elastomer damper 
were determined from the characterization test data. The Keq is the ratio of the maximum force at 
maximum displacement to the maximum displacement, while the equivalent loss factor, ηeq, 
which represents the energy dissipation capacity, is defined as ηeq = ED/(2·π·ES), where ED is 
the energy dissipated per cycle of sinusoidal loading and ES is the maximum strain energy stored 
during a cycle of sinusoidal loading. ED can be determined by integrating the hysteresis loops 
from the experimental data and ES can be calculated from the measured maximum stress and 
strain data. The Keq and ηeq from the characterization tests are given in Fig. 3. Fig. 3(a) shows 
that the stiffness (Keq) decreases with increasing deformation, and slightly increases as the 
frequency increases for a given deformation. The sensitivity of Keq to frequency diminishes as 
the deformation increases. Fig. 3(b) shows that the energy dissipation (ηeq) is relatively constant 
for small amplitudes of deformation (less than 10 mm) and significantly increases after slip of 
the elastomer occurs at about 15 mm. There is a slight increase in ηeq as the frequency increases 
for a given deformation.  
 
3. Steel MRF with compressed elastomer dampers 
 
3.1 Prototype building 
 Fig. 4(a) shows the plan view of the 2-story, 6-bay by 6-bay prototype office building 
used for the study. The building is assumed to be located on a stiff soil site and has four identical 
perimeter steel MRFs to resist lateral forces. Each MRF consists of four bays. The design study 
focuses on one typical perimeter MRF. This MRF is designed either as a conventional SMRF as 
defined in the 2006 International Building Code [23], referred to herein as IBC 2006, or as a 
MRF with compressed elastomer dampers using the simplified design procedure (SDP) by Lee et 
al. [7]. In the latter case, dampers and diagonal braces are added to the two interior bays, as 
shown in Fig. 4(b).  
 The nominal yield stress of the steel members of the MRF is 345 MPa. The gravity loads 
and load combinations considered in the design are those described in IBC 2006. A smooth 
design response spectrum with parameters SDS=1.0g, SD1=0.6g, T0=0.12 sec and Ts=0.6 sec. 
defined by IBC 2006 represents the DBE. The program SAP2000 [24] is utilized for selecting the 
MRF member cross sections in accordance with the AISC Seismic Provisions [25]. The same 
column cross-section is used in both stories of the MRF and different beam cross-sections are 
used for the two floors. 
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3.2 Design of perimeter MRF as a conventional SMRF without dampers  
 The perimeter MRF of Fig. 4(b) is initially designed as a conventional SMRF using the 
equivalent lateral force procedure from IBC 2006. This SMRF without dampers, referred to 
herein as UD100V, satisfies the member strength criteria and the drift limit of 2% of IBC 2006, 
where values of 8 and 5.5 are used for the response modification factor, R, and the amplification 
factor, Cd, respectively.  
 To study whether MRFs with compressed elastomer dampers can be designed to have a 
reduced strength compared to a conventional SMRF (without dampers) and achieve a prescribed 
level of seismic performance, the perimeter MRF was redesigned without dampers to have a 
design base shear equal to 0.50V, where V is the design base shear of UD100V. This MRF design 
is referred to as UD50V, and is significantly lighter than UD100V. A comparison of weight is 
discussed later. UD50V is subsequently outfitted with compressed elastomer dampers, where the 
SDP by Lee et al. [7] is used to design the dampers to limit the drift of the MRF to 1.65%. The 
SDP enables the design of the dampers to be integrated into the system design by specifying 
performance objectives that the combined MRF and damper system must achieve. Details of how 
the SDP is utilized are discussed later. 
 Table 1 summarizes the properties for the two MRF designs (UD100 and UD50V). The 
table lists the column section, beam sections, steel weight, fundamental period of vibration, T1, 
and story stiffness (used later to design the dampers for the UD50V MRF). The last column of 
Table 1 provides estimates (based on the equal-displacement rule) of the expected maximum 
story drift, θmax, under the DBE earthquake. Under the assumption of the equal-displacement 
rule, the UD100V frame was found to exceed the 2% story drift limit of IBC 2006, however, 
UD100V did satisfy the 2% story drift limit using the drift check procedure involving the use of 
Cd per IBC 2006. 
 
3.3 Design of dampers for SMRF 
 The SDP idealizes the damper hysteresis loops as linear viscoelastic ellipses and the 
damper design variables are the equivalent damper stiffness and the loss factor. The thickness 
and the area of the elastomer assumed in the prototype MRF and in the hybrid simulations 
presented in this paper are 4 times larger than the thickness and the area of the elastomer of the 
dampers tested by Karavasilis et al. [14]. Such an elastomer thickness ensures that the dampers 
in the prototype MRF will remain undamaged (i.e., no slip) under the DBE, while slip is 
expected under the MCE. Such a design strategy ensures no need to replace the dampers for 
seismic events lower than or equal to the DBE. For earthquakes larger than the DBE (e.g., 
MCE), the dampers are treated as sacrificial elements that should be replaced after the seismic 
event, if needed. The properties of the large-scale compressed elastomer damper design were 
derived from the experimental data presented in Fig. 3 as follows. With tref and Aref designated as 
the thickness and area, respectively, of the elastomer damper used in the characterization tests, 
the properties (thickness t and area A) of the damper designs for the prototype MRF are 
expressed in terms of the ratios t/tref and A/Aref. Given the stiffness, Keq(uref), and the loss factor, 
ηeq(uref), of the damper in the characterization tests, the stiffness and loss factor of the damper 
designs are: )()()()( refeqrefrefdd uK/ttA/AuK   and η(ud)=ηeq(uref), where ud is the deformation 
imposed on the damper in the MRF, and uref is the deformation of the damper in the 
characterization tests, related to ud through the expression )( refdref /ttuu  . The expressions for 
Kd(ud) and η(ud) are derived by transforming the characterization test results for the damper from 
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force - deformation (Fref - uref) behavior to shear stress - shear strain (τ - γ) behavior using the tref 
and Aref dimensions (i.e., τ=Fref/Aref and γ=uref/tref), and then by transforming the shear stress - 
shear strain (τ - γ) behavior to force -deformation (Fd - ud) behavior of the damper designs using 
the t and A dimensions (i.e., Fd= τA = Fref·A/Aref and ud= γt = uref·t/tref).  
 The SDP developed by Lee et al. [7] is slightly modified herein to account for the strong 
dependence of Kd(ud) and ηd(ud) of the compressed elastomer dampers on deformation amplitude 
ud. To achieve the target performance level (e.g., immediate occupancy under the DBE), detailed 
design criteria, such as story drift limits and limits on the internal forces of the members need to 
be established. For the study herein, a value of θmax=1.65% under the DBE is specified as the 
target performance objective. The modified SDP is then used, as explained below:  
(1) Select an appropriate  value (ratio of total brace stiffness per story in the global direction 
to the MRF story stiffness). This ratio should provide: (a) braces that are stiff enough so that the 
story drift produces damper deformation with minimal brace deformation; (b) braces do not 
buckle under the maximum forces transmitted by the dampers; and (c) only a small increase in 
the steel weight of the structure. 
(2) Select an appropriate β value (ratio of total damper stiffness per story in the horizontal 
direction to the MRF story stiffness Ko). The β value should provide a reasonable required 
number of dampers.  
(3) Select an initial value of the damper loss factor, ηd. With the ηd selected, the contribution of 
the dampers to the equivalent damping ratio of the MRF with the dampers, ξeq, is estimated based 
on the lateral force energy method [26]. The damping reduction factor, B, is then obtained [9] as 
a function of the total damping ratio, ξt, which equals the sum of ξeq and the inherent damping 
ratio of the MRF building (assumed to be 2%).  
(4) Response spectrum analysis. The elastic response spectrum is reduced by the B factor, and 
the story drifts and damper deformation, ud, are calculated based on a response spectrum analysis 
using the equal-displacement rule. In this analysis, dampers at each story are modeled with two 
linear springs (one spring at each interior bay) having horizontal stiffness equal to Ko·β/2. With 
ud known, the ηd(ud)= ηeq(uref) is calculated from Fig. 3(b) using )( refdref /ttuu  . Iterations of 
Steps 3 and 4 are performed until the value for ηd converges. If the story drifts after convergence 
do not satisfy the established performance criteria, Steps 2 to 4 are repeated, beginning by 
selecting a new value for β.  
(5) Calculate required number of dampers. With the ud known, the damper design stiffness 
Keq(uref) is determined from Fig. 3(a), and )()()()( refeqrefrefdd uK/ttA/AuK  . The required 
number of dampers, Nd, equals (Ko·β/Kd(ud)), rounded up to the nearest integer. If the number of 
dampers is too large, a revised performance criteria and/or MRF design should be considered and 
Steps 1 to 5 are repeated. 
 Table 2 provides a summary of the damper design for the UD50V MRF where the 
performance criterion (as noted previously) is a design story drift of 1.65% under the DBE. It is 
observed that the MRF with 8 compressed elastomer dampers in the first story and 5 compressed 
elastomer dampers in the second story exhibits a significantly better performance (θmax = 1.65%) 
than that of the conventional steel SMRF UD100V (θmax = 2.40%, see Table 1), where the design 
prediction of θmax is based on the equal-displacement rule. Moreover, the UD50V MRF with 
dampers has a steel weight equal to 124 KN (beams and columns) + 17.2 KN (braces) = 141.2 
kN, while the steel weight of the conventional steel SMRF UD100V is 200 kN. Thus, the 
UD50V MRF with dampers has a 30% reduction in steel weight compared to the conventional 
steel SMRF design, UD100V.   
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 The damper imposes a limit on the peak damper force transmitted to the braces, the 
columns and foundation of the building by exhibiting a plastic (friction) behavior at higher drifts. 
This is a clear advantage over a conventional viscoelastic damper with uncontrolled peak damper 
force, since more economical designs can be achieved and braces able to safely support the 
dampers without buckling under high seismic intensity levels can be designed.  
 
4. Real-time hybrid simulations 
 
4.1 Real-Time Integrated Control System Architecture  
 The performance of a perimeter MRF with compressed elastomer dampers is 
experimentally evaluated by conducting real-time hybrid simulations. The ground motions only 
in the plane of the perimeter MRF were considered. The symmetry in the floor plan allowed only 
one perimeter MRF and the gravity frames and mass within the tributary area of the MRF to be 
considered. As illustrated in Fig. 5, the experimental substructures are two individual 
compressed elastomer dampers with the remaining part of the building (MRF, braces, and 
gravity frames (shown as a lean-on column in Fig. 5)) modeled as an analytical substructure. 
 Since the dampers at a story level are placed in parallel in the prototype MRF (Fig. 4(b)), 
they are subjected to the same velocity and displacement. Therefore, each of the damper setups 
in the laboratory represents all of the dampers in one story. In a real-time hybrid simulation the 
measured restoring force from a compressed elastomer damper is multiplied by the number of 
dampers in a story to obtain the total restoring force of all the dampers at the story level in the 
MRF.  
 As discussed previously, the thickness and the area of the elastomer of the dampers that 
are used in UD50V MRF are considered to be 4 times larger than the thickness and the area of 
the elastomer of the dampers in the experimental substructure. Consequently, in the real-time 
hybrid simulation the command displacement of the dampers is scaled down by a factor of 4 and 
the measured restoring force is amplified by a factor of 4.  
 A nonlinear finite element program [27] has been implemented into the real-time 
integrated control system at the NEES RTMD Facility [22]. The architecture for the RTMD 
system is shown in Fig. 6. A digital servo controller (Real-time Control Workstation) with a 
1024 Hz clock speed (sampling time t=1/1024 sec) controls the motion of the servo-hydraulic 
actuators and is integrated with the Real-time Target Workstation, Simulation Workstation, and 
Data Acquisition Mainframe using a shared common RAM network (SCRAMNet). SCRAMNet 
has a communication rate of about 180ns which enables the transfer of data among the integrated 
workstations in real-time with minimal communication delay. The nonlinear finite element 
program has been developed in a manner that enables the analytical substructure modeling, 
servo-hydraulic control law, and actuator compensation scheme (discussed later) to be integrated 
into a single SIMULINK model on the Simulation Workstation and then downloaded onto the 
Target Workstation using Mathworks xPC Target Software [28].  
 
4.2 Analytical Substructure Modeling 
 The analytical substructure model of the MRF shown in Fig. 5 has a total of 122 degrees 
of freedom and 71 elements. Inelastic behavior is modeled by means of a bilinear hysteretic 
lumped plasticity beam-column element with 3% hardening and an appropriate axial-moment 
yield surface [29]. In order to overcome the shortcomings of the lumped plasticity modeling in 
prediciting accurately the plastic rotation in the members of the structure, each physical member 
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(i.e., beams and columns) was modeled with three beam-column elements in series, i.e., two 
elements were used to model the two plastic hinge regions at each end of the member with a 
length equal to 5% of the member length and one element with a length equal to the remaining 
90% of the member length. For the steel MRF under consideration, this modeling approach was 
found to produce inelastic response close to the response obtained with a rigorous analysis using 
fiber beam-column elements [27]. Diaphragm action was assumed at every floor in the MRF due 
to the presence of a composite floor slab. The lean-on column was used to model P-Δ effects on 
the MRF from gravity loads carried by the gravity columns of the building that were in the 
tributary area of the perimeter MRF. The inherent damping was modeled by constructing a 
Rayleigh damping matrix C (see Eq. (1)) based on a viscous damping ratio equal to 2% at the 
first and second modes of vibration.    
 
4.3 Experimental Substructure Test Setup 
 Fig. 7 shows the experimental setup for the real-time hybrid simulations, which consists 
of the experimental substructures (two compressed elastomer dampers) and two servo-hydraulic 
actuators with supports, roller bearings and reaction frames. The two actuators (see Fig. 5) have a 
load capacity of 2300 kN and 1700 kN with a maximum velocity of 840 mm/sec. and 1140 
mm/sec, respectively, when three 1514 l/min three-stage servo-valves are mounted on each 
actuator. The 2300 kN and 1700 kN actuators were attached to the experimental substructures 
associated with the first story damper and second story damper, respectively. The servo-
controller for the actuator used in real-time hybrid simulations consisted of a digital PID 
controller with a proportional gain of 20, integral time constant of 5.0 resulting in an integral 
gain of 4.0, differential gain of zero and a roll-off frequency of 39.8 Hz.  
 
4.4 Real-Time Integration of the Equations of Motion 
 For the MRF with the dampers of Fig. 5, the temporal discretized equations of motion at 
the i+1
th
 time step can be expressed as 
 11111   i
e
i
a
iii FrrxCxM    (1) 
where  1ix and  1ix are the acceleration and velocity vectors of the structure, respectively; 
a
i 1r and 
e
i 1r are the restoring force vectors of the analytical and experimental substructures, respectively; 
M and C are the mass and damping matrices of the structure, respectively; and Fi+1 is the 
excitation force.  
            The CR unconditionally stable explicit integration algorithm [19, 30] is used to solve Eq. 
(1) for the structural displacement vector 1ix . According to the CR algorithm, the variations of 
the displacement and velocity vectors of the structure over the integration time step t are 
defined as  
 iii t xαxx   11    (2.a) 
 iiii tt xαxxx   2
2
1                (2.b) 
where   x ,x
ii
 and  
i
x are the displacement, velocity and acceleration vectors of the structure at the 
i
th
 time step, respectively; and 1 and 2 are matrices of integration parameters defined as 
   MKKCCMαα  1221 )()(244 eqeq tt  (3) 
In Eq. (3) K is the initial stiffness matrix of the structure while Keq and Ceq are matrices that 
contain terms associated with the equivalent stiffness keq and the damping ceq, respectively, for 
the compressed elastomer dampers. For a sinusoidal deformation loading history of cyclic 
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frequency ω and deformation amplitude ud, keq and ceq are equal to Kd(ud) and η(ud)∙keq/ω, 
respectively [1]. In the real-time hybrid simulations presented herein, ud and ω where assumed 
equal to the expected damper deformation from the SDP and the first mode cyclic frequency of 
the building, respectively. Preliminary real-time hybrid simulations showed that the response 
results where insensitive to small variations of the selected values of ud and ω. Chen and Ricles 
[32] showed that it is necessary to include the damping and stiffness of the complete structure in 
Eq. (3) to ensure that the integration parameters result in maintaining a stable solution. This will 
occur as long as the total stiffness (K + Keq) in Eq. (3) is larger that that developed in the system 
during the hybrid simulation. 
             In a real-time hybrid simulation, Eqs. (2.a) and (2.b) are used to obtain the velocity 
 1ix and displacement  1ix vectors at the i+1
th
 time step. The displacement vector  1ix is 
decomposed into the analytical displacement vector  1
a
ix and the experimental (or command) 
displacement vector  ,1
e
ix which are imposed onto the analytical and experimental substructures, 
respectively, to obtain the restoring force vectors a
i 1r  and 
e
i 1r . Strictly speaking,  1
e
ix contains 
deformations, i.e., differences in the displacements of the nodes at the ends of the experimental 
substructures. The analytical restoring force vector a
i 1r  is obtained with a standard nonlinear 
state-determination procedure for each beam-column element in the analytical substructure [29], 
while the experimental restoring force vector e
i 1r is obtained from the feedback forces measured 
using load cells that are placed in each compressed elastomer damper test setup. The equilibrium 
Eq. (1) is then employed to calculate the acceleration response vector  1ix at the i+1
th
 time step, 
and the velocity  2ix and displacement  2ix vectors for the next i+2
th 
time step are then readily 
available from Eqs. (2.a) and (2.b). This process is repeated to obtain the response over the 
whole duration of the earthquake ground motion.  
             The integration time step Δt used for the hybrid tests is a multiple of the servo-hydraulic 
controller sampling time t of 1/1024 sec, and equal to 10/1024 sec. This size of the time step 
was arrived at by performing a convergence study to ensure that value for Δt was sufficiently 
small enough that the integration algorithm produced accurate results. A linear ramp generator is 
used to apply the command displacement vector  
e
i 1x through the hydraulic actuators to the 
experimental substructures at the servo-controller sampling rate, i.e., at a time step t of 1/1024 
sec. The interpolated command displacement vector is defined as 
 ei
e
i
e
i
jc
i
n
j
xxxd   )( 1
)(
1    (4) 
In Eq. (4), )(1
jc
id  is the command displacement vector at the j
th
 substep within the i+1
th
 time step; 
 
e
ix  is the command displacement vector at the i
th
 time step; and j is the substep index for the 
interpolation within one single time step and ranges from 1 to n, where n is the integer ratio of 
t/t (i.e., equal to 10 for the tests presented herein).  
 As noted above, to proceed to the next (i+2)
th
 time step the restoring force vectors a
i 1r  and 
e
i 1r  at the end of the (i+1)
th
 time step must be obtained to calculate the displacement vector  2ix . 
The available time to perform the state determination of the analytical substructure and form the 
a
i 1r restoring force vector is equal to the integration time step Δt. For the analytical substructure of 
Fig. 5, a
i 1r was obtained within the duration of Δt without creating any time delay issues. 
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However, if the measured experimental restoring force vector e
i 1r is fed back at the end of the 
time step after the actuators reach their corresponding command displacement
e
i 1x , a delay 
occurs while  2ix is calculated and sent to the servo-controller, which reads the command 
displacement  2i
e
x one sampling time step t later. To avoid this delay and ensure a smooth and 
continuous movement of the actuators, the experimental restoring force vector is extrapolated at 
the end of the (n-1)
th
 substep within each time step (e.g., the (i+1)
th
 time step) to become 
available before the actuators reach their command displacement
e
i 1x  [19], where for each 
experimental substructure the restoring force contribution to e
i 1r  is: 
 )()( )1(11
)1(
11
)1(
11





 
nm
i
e
ieq
nc
i
e
ieq
nm
i
e
i xxcdxkrr   (5) 
In Eq. (5) )1(
1


nm
i
r is the measured restoring force of the experimental substructure for the (n-1)
th
 
substep of the (i+1)
th
 time step, ei 1x  and 
)1(
1


nm
ix  are the target relative velocity between the nodes 
at the ends of the experimental substructure based on the CR integration algorithm (Eq. (2.a)) 
and the measured velocity in the damper for the (n-1)
th
 substep of the (i+1)
th
 time step, 
respectively, and, as noted above, ceq and keq are the equivalent damping and equivalent stiffness 
of the elastomeric damper of the experimental substructure, respectively. The velocity of the 
experimental substructure is constant within the integration time step ∆t due to the linear ramp 
generator. Therefore, in the extrapolation procedure the last term in Eq. (5) is included to 
minimize the error in the velocity-dependent restoring force of the experimental substructure 
(elastomeric damper) at the end of the time step by correcting for the difference between the 
target velocity eix 1  and the velocity produced by the linear ramp generator.  
 
4.5 Actuator Delay Compensation 
 Due to inherent servo-hydraulic dynamics, the actuator has an inevitable time delay in 
response to the displacement command. This time delay is usually referred to as actuator delay 
and will result in a desynchronization between the measured restoring forces from the 
experimental substructure(s) and the integration algorithm in a real-time hybrid simulation. 
Studies on the effect of actuator delay [31, 32] show that actuator delay is equivalent to creating 
negative damping, which can destabilize a real-time hybrid simulation if not compensated 
properly.  
 To minimize the detrimental effect of actuator delay during the real-time hybrid 
simulations, the adaptive inverse compensation (AIC) method developed by Chen and Ricles 
[33] was used to compensate for actuator delay during the simulations. The AIC method for a 
servo-hydraulic can be expressed using the following discrete transfer function that relates the 
compensated command displacement to the original command displacement for the actuator: 
 
z
z
zG esesc
)1()(
)(



 (6) 
 
In Eq. (6) z is the complex variable in the discrete z-domain; αes is the estimated actuator delay 
constant that is defined as the ratio of the duration for the servo-hydraulic to achieve the 
command displacement to the hydraulic servo-controller sampling time t; and α is an 
evolutionary variable with an initial value of zero. The AIC method uses the initial estimated 
value for αes for actuator delay compensation at the beginning of the hybrid simulation. The 
evolutionary variable α is used to adjust the initial estimated value for αes to achieve accurate 
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actuator control during a real-time hybrid simulation. The adaptation of the evolutionary variable 
α is based on a tracking indicator TI [34]: 
 
t
ip
dTIktTIkt
0
)()()(   (7) 
In Eq. (7) kp and ki are proportional and integrative adaptive gains of the adaptive control law, 
respectively. The TI is based on the enclosed area of the hysteresis in the synchronization 
subspace plot shown in Fig. 8, where the actuator command displacement cd  is plotted against 
the actuator measured displacement md . The calculation of TI at each substep within a time step 
is formulated as [34] 
  )(
1
)(
1
)(
1
5.0 j
i
j
i
j
i
TAATI    (8) 
In Eq. (8), 
)(
1
j
iA   and 
)(
1
j
iTA   are the accumulated enclosed and complementary enclosed areas at 
the j
th
 substep of the ramp generator at time step i+1, respectively, and are calculated as 
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The incremental values for the enclosed and complementary enclosed areas, )( 1
j
idA   and 
)(
1
j
idTA  , 
respectively, are shown in Fig. 8 for the j
th
 substep of time step i+1. At the beginning of the test, 
the enclosed and complementary areas have initial values of zero. The calculation of A and TA 
continues for every substep of each time step until the end of the real-time hybrid simulation. 
Chen and Ricles [33] showed that the use of the AIC method for real-time hybrid simulation of 
structures with experimental substructures consisting of passive MR dampers resulted in good 
actuator tracking and test results in comparison with numerical simulation results for structural 
response.  
            For the real-time hybrid simulations a value of αes = 30 for the estimate of the actuator 
delay constant along with the values for the adaptive gains of kp=0.4 and ki=0.04 for both servo-
hydraulic actuators were used. These values were established by Chen by conducting parametric 
studies of the servo-hydraulic systems at the RTMD [32].  
 
5. Real-time hybrid simulation results 
 
 An ensemble of five earthquake ground motions recorded on stiff soil sites (without near-
fault effects) are used in real-time hybrid simulation to evaluate the performance of the MRF 
with compressed elastomer dampers. The ground motions were scaled to the DBE level using the 
scaling procedure of Somerville [35]. The amplitudes of these DBE ground motions were further 
scaled by 1.5 to represent MCE ground motions. Table 3 provides the scale factors and 
information for the five ground motions, while Fig.9 shows their acceleration response spectra.    
 Time history results from real-time hybrid simulation are presented for the HSP090 
record from the Loma Prieta 1989 earthquake scaled to the DBE and MCE intensities. A 
comparison between the measured, md , and command, cd , actuator displacement for the two 
compressed elastomer dampers is presented in Fig. 10, where subspace synchronization plots of 
cd  versus md  are plotted. Good agreement can be observed between md and cd ; where the plots 
for each actuator show no noticeable deviation between the measured and command actuator 
displacement. The root mean square (RMS) error between md  and cd was evaluated as 
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The RMS values were found equal to 3.6e-4 and 3.7e-4 for the actuators of the first story and 
second story damper under the DBE level, respectively. The corresponding RMS values for the 
MCE level were found equal to 2.5e-5 and 1.3e-4. The RMS values and synchronization plots 
indicate that accurate actuator control is achieve during the real-time hybrid simulation. These 
values for the RMS and the results shown in Fig. 10 are representative of the actuator control 
achieved in all of the hybrid simulations. 
 The hysteresis of the compressed elastomer dampers is presented in Fig. 11. The dampers 
were able to undergo numerous seismic induced deformation cycles without degradation of their 
hysteretic behavior. Under the DBE the dampers in both stories exhibit an elastomeric behavior 
with fairly rounded peaks. ((i.e., Figs. 11(a) and 11(b)). Under the MCE the damper in the 
second story develops some minor slip (Fig. 11(c)), while the damper at the first story 
experiences an elastomeric-frictional behavior with slip (Fig. 11(d)) that results in permanent 
deformation, although the damper continues to dissipate energy dissipation. These experimental 
results can be used to develop and calibrate an analytical model for simulating the complex 
damper hysteresis.  
 Fig. 12 shows the floor displacement time histories of the UD50V MRF with dampers. 
Also presented in Fig. 12 are the floor displacement time history of the conventional UD100V 
SMRF from numerical analysis. The real-time hybrid simulations show that the lighter UD50V 
MRF with dampers experiences significantly lower transient and permanent story drifts than 
those of the conventional UD100V SMRF. Under the DBE earthquake the UD50V MRF with 
dampers has negligible permanent story drift since the dampers do not slip and have re-centering 
capability. Under the MCE the dampers act as sacrificial elements, which develop permanent 
deformation due to slip, however as discussed previously, the dampers can be replaced after the 
earthquake. Some modest yielding occurs in the beams and at the ground level of the columns of 
the UD50V MRF with dampers. As will be discussed below, the plastic (and associated 
permanent) deformations in the MRF with dampers are small. If the dampers were replaced or 
re-centered after the MCE, the residual drift of the MRF with dampers under the MCE could be 
significantly reduced.   
 The added benefit of real-time hybrid simulation is that it allows an unlimited number of 
ground motions to be applied to the structure and therefore, statistical experimental response 
results incorporating the ground motion variability can be obtained. In this paper, the seismic 
performance of the MRF with dampers is quantified in terms of various damage indices for both 
structural and non-structural components, and include the maximum story drift, θmax; maximum 
plastic hinge rotation for beams, θpl.max_bm, and columns, θpl.max_col; peak floor absolute velocity, 
vmax; peak floor absolute acceleration, amax; and the floor acceleration response spectra, Sa,flr. vmax 
and amax are useful for quantifying the potential for damage of non-rigidly attached non-
structural components and for rigidly attached non-structural components, respectively, while 
Sa,flr is useful for quantifying the potential for damage to flexible attached equipment [36].    
Table 4 presents median experimental response values for the θmax, θpl.max_bm, θpl.max_col, vmax and 
amax of the UD50V MRF with dampers from the real-time hybrid simulations. Also presented in 
Table 4 are the median values of the same response quantities of the conventional SMRF 
UD100V from the numerical analysis. Table 4 shows that the median θmax value of 1.35% and 
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1.40% for the first and second stories, respectively, for UD50V MRF under the DBE is lower 
than the anticipated θmax demand of 1.65% given in Table 2, while the median value of 2.60% 
and 2.40% for the first and second stories, respectively, the median θmax for the UD100V SMRF 
is larger than the anticipated θmax demand of 2.4% given in Table 1. The UD50V MRF with 
dampers also shows a significantly better performance than the conventional UD100V SMRF in 
terms of the plastic hinge rotations. Decreases in the median peak beam plastic hinge rotations in 
the UD50V MRF with dampers are approximately 75% and 57% for the DBE and MCE, 
respectively, compared to UD100V SMRF. For the columns, the median peak plastic hinge 
rotations in the UD50V MRF with dampers are approximately 80% and 33% less than that in the 
UD100V SMRF for the DBE and MCE, respectively. The median peak floor velocities of the 
UD50V MRF with dampers are 22% and 31% less at the first and second floors, respectively, 
than those of the UD100V SMRF for the DBE. For the MCE the median peak floor velocities of 
the UD50V MRF with dampers are 10% and 14% less at the first and second floors, respectively, 
than those of the UD100V SMRF The median peak floor accelerations of the UD50V MRF with 
dampers are 21% and 9% less at the first and second floors, respectively, than those of the 
UD100V SMRF for the DBE. Under the MCE, the UD50V MRF with dampers experiences a 
14% reduction in the first floor median peak acceleration and a slightly higher second floor 
median peak acceleration than that of the UD100V SMRF.  
 Fig. 13 shows the median acceleration response spectra Sa,flr of UD50V MRF with 
dampers for the DBE and MCE levels. Also presented in Fig. 12 are Sa,flr of the conventional 
UD100V SMRF from numerical analysis. These spectra present the maximum pseudo-
acceleration response of a 5% damped elastic single-degree-of-freedom system (SDOF) 
subjected to the motion (total acceleration) of the 2
nd
 floor of the frames. The spectra show that 
the UD50V MRF with dampers performs significantly better than conventional UD100V SMRF. 
It is evident that the resonance at the first and second modes of vibration of UD50V MRF with 
dampers is effectively damped (the period of vibration for the first and second modes are T1 = 
1.04 sec. and T2 = 0.35 sec., respectively). Only for a narrow period range (primarily in the 
period range between the first and second modes) conventional UD100V SMRF shows a slightly 
better performance than the UD50V MRF with dampers.  
 
6. Summary and conclusions 
 
 An experimental program based on the use of real-time hybrid simulation to verify the 
performance-based seismic design of a steel perimeter MRF equipped with compressed 
elastomer dampers was presented. The experimental substructures for the simulation consisted of 
two individual compressed elastomer dampers, with the remainder of the MRF and associated 
tributary gravity columns and gravity loading of the building modeled as an analytical 
substructure. Real-time hybrid simulation allowed an ensemble of ground motions to be applied 
to the structure resulting in various levels of damage, without the need to repair the test 
specimens, since the damage was within the analytical substructure.  
 Statistical experimental response results incorporating the ground motion variability 
showed that a steel MRF with compressed elastomer dampers can be designed to perform better 
than conventional steel SMRFs under the DBE and MCE, even when the MRF with dampers is 
significantly lighter in weight than the conventional SMRF. In particular, the steel MRF with 
dampers was designed with a practical number of dampers (eight dampers in the first story and 
five dampers in the second story) and with a 30% lower steel weight than that of the 
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conventional steel MRF. Real-time hybrid simulations showed that the MRF with dampers 
experiences significantly lower peak story drifts, peak plastic hinge rotations, lower peak 
absolute floor velocities and floor accelerations in addition to floor spectra accelerations than 
those of the conventional steel SMRF.  
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Table 1. Properties of MRF designs  
MRF 
Column 
section 
Beam sections 
Steel weight 
 (KN) 
T1 
(sec) 
Story stiffness  
(KN/mm) 
θmax   
(%) 
UD100V W14x211 
1
st
 story: W24x84 
2
nd
 story: W21x50 
200 1.08 
1
st
 story: 66574 
2
nd
 story: 42018 
2.40 
UD50V W14x120 
1
st
 story: W24x55 
2
nd
 story: W18x40 
124 1.48 
1
st
 story: 36007 
2
nd
 story: 23894 
3.23 
 
 
Table 2. Design properties of UD50V MRF with dampers 
α 
Brace 
steel 
weight 
(KN) 
β 
Τ1 
(sec) 
ηd 
ξt 
(%) 
B 
θmax 
(%) 
Nd 
Story 
1
st
 2
nd
 
10 17.2 1.0 1.04 0.60 15.00 1.35 1.65 8 5 
 
 
Table 3. Earthquake ground motions used in real-time hybrid simulations 
Earthquake Station Component 
Magnitude 
(Mw) 
Distance 
(km) 
PGA 
(g) 
Scale factor 
DBE MCE 
Loma Prieta 1989 Hollister - S & P HSP090 6.93 27.67 0.18 1.99 2.99 
Manjil 1990 Abbar ABBAR--T 7.37 12.56 0.46 0.96 1.44 
Northridge 1994 N Hollywood - Cw CWC270 6.69 7.89 0.27 1.70 2.56 
ChiChi 1999 TCU105 TCU105-E 7.62 17.18 0.12 2.45 3.67 
ChiChi 1999 TCU049 TCU049-E 7.62 3.78 0.29 1.92 2.89 
 
 
Table 4. Median values of response parameters from real-time hybrid simulations 
Design 
θmax  
(%) 
θpl.max_bm 
(rad) 
θpl.max_col 
(rad) 
vmax  
(m/sec) 
amax  
(m/sec
2
) 
DBE MCE DBE MCE DBE MCE DBE MCE DBE MCE 
UD100V   
conventional 
SMRF 
Story 1 2.60 2.90 0.008 0.014 0.010 0.015 0.78 1.00 5.32 6.60 
Story 2 2.40 2.60 0.000 0.003 0.000 0.000 1.11 1.28 5.66 6.36 
UD50V 
MRF with 
dampers 
Story 1 1.35 2.50 0.002 0.006 0.002 0.010 0.61 0.90 4.18 5.70 
Story 2 1.40 1.80 0.000 0.000 0.000 0.000 0.77 1.10 5.16 6.50 
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Figure 1. Fabrication of compressed elastomer damper: (a) elastomeric material wrapped around 
longitudinal bar; (b) elastomeric material and bar compressed into the steel tube; (c) damper with 
additional transverse attachment bars in place and (d) installation to beam web [15] 
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Figure 2. Damper hysteresis from characterization tests [14]: (a) before slip, and (b) after slip 
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Figure 3. Mechanical properties evaluated from characterization tests [14]: (a) equivalent 
stiffness, and (b) equivalent loss factor 
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Figure 4. Prototype building structure: (a) plan view, and (b) perimeter MRF with dampers and 
diagonal bracing 
20 
 
(W12x
190) 
Analytical substructure: structure without dampers + 
2
nd
 story 
damper 
1
st
 story 
damper 
Experimental substructures: dampers 
dampers 
Total structural system: frame with dampers 
Lean-on 
column  dampers
dampers
dampers
dampers
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Real-time hybrid simulation: analytical and experimental substructures forming the 
complete structural system 
 
 
 
 
 
 
 
 
Figure 6. RTMD integrated control system architecture 
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Figure 7. Compressed elastomer dampers: (a) closeup of damper, and (b) details of test setup for 
each damper 
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Figure 8. Synchronization subspace with increment of enclosed area )( 1
j
idA   and complementary 
enclosed area )( 1
j
idTA   utilized in the determination of the tracking indicator TI. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9. Acceleration response spectra of the earthquake ground motions used in real-time 
hybrid simulations 
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Figure 10. Actuator displacement subspace synchronization subspace plots, Loma Prieta 1989 
HSP090 ground motion 
 
 
 
 
 
 
 
 
 
 
Figure 11. Damper hysteresis from real-time hybrid simulation, Loma Prieta 1989 HSP090 
ground motion 
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Figure 12. Floor displacement time histories from the real-time hybrid simulation, Loma Prieta 
1989 HSP090 ground motion 
 
 
 
 
 
 
 
 
 
 
Figure 13. Median 2
nd
 floor acceleration response spectra from the real-time hybrid simulation 
under DBE and MCE, Loma Prieta 1989 HSP090 ground motion 
